The uptake of [32P]phosphate into phosphatidylinositol and phosphatidate was measured in synaptosomes incubated in Krebs-Ringer bicarbonate buffer, pH7.4. The apparent dissociation constants for acetylcholine and carbamoylcholine were estimated from the increase in 32P uptake caused by these agents. These apparent constants were similar for both phosphatidylinositol and phosphatidate and were 2.7+0.5 uM for acetylcholine and 12±2,UM for carbamoylcholine when the Ca2+ concentration was 0.75mM. Under the same conditions the inhibition of the carbamoylcholine-induced increase in 32p uptake, caused by atropine, is consistent with atropine being a competitive inhibitor, with an apparent inhibition constant of0.35±0.05 nm. The apparent constants were dependent on the Ca2+ concentration, and were greater in 2.54mM-Ca2+. The former values for the kinetic constants are similar to the muscarinic-receptor dissociation constant, which indicates that the binding of the agonist to the receptor may be rate-limiting in this series of reactions when the Ca2+ concentration is 0.75 mm.
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An increase in the turnover of phosphatidylinositol and phosphatidate has been observed in a number of tissues after stimulation by several neurotransmitters and hormones (Michell, 1975) . This phenomenon has been associated with muscarinic receptors in several tissues, including the brain (Pumphrey, 1969) , synaptosomes (Schacht & Agranoff, 1972) , ganglia (Lapetina et al., 1976) , smooth muscle , parotid gland (Jones & Michell, 1974) and pancreas (Hokin-Neaverson, 1974) . Consequently, it has been suggested that this'phospholipid effect may have an important function in the response to the muscarinic receptor (Michell, 1975) .
However, the relationship of the binding of the agonist to the receptor, and the subsequent breakdown and resynthesis of these phospholipids, is not yet fully understood. The step in the turnover cycle that is thought to be stimulated in most tissues is the hydrolysis of phosphatidylinositol (Jones & Michell, 1974; Hokin-Neaverson, 1974; Michell, 1975) . In synaptosomes, however, increases in 32p uptake into both phosphatidylinositol and phosphatidate have been observed (Redman & Hokin, 1964; Schacht & Agranoff, 1972) but stimulated chemical breakdown, or loss of label from pre-labelled synaptosomes, has only been found for phosphatidate (Yagihara et al., 1973; Lapetina & Michell, 1974; Schacht & Agranoff, 1974) . Therefore there may be a mechanism of stimulation of 32p uptake into phosphatidylinositol and phosphatidate in synaptosomes that differs from Vol. 168 that in other tissues, although this seems surprising (Michell, 1975 ).
In the experiments described below we have estimated the apparent dissociation constants of acetylcholine, carbamoylcholine and atropine by measuring the effect of these agents on 32p uptake into both phosphatidylinositol and phosphatidate. The aim of this estimation was to ascertain whether agonist binding to the receptor is the rate-limiting step in this series of reactions, as it appears to be for carbamoylcholine in smooth muscle and in other physiological responses such as stimulated K+ release in smooth muscle (Burgen & Spero, 1968) . A preliminary report ofsome of these findings has been made (Miller, 1975) .
Materials and Methods

Preparation ofsynaptosomes
The method was based on that of De Robertis et al. (1962) and of Gray & Whittaker (1962) . Male Sprague-Dawley rats (200-300g) were killed by decapitation. Their brains were removed, chilled in ice-cold 0.32M-sucrose and the cerebellum and some white matter were discarded. All subsequent operations were carried out at 4°C. The forebrain was homogenized in 0.32M-sucrose with a glass/Teflon homogenizer with a radial clearance of 250.um, and the homogenate was centrifuged at lOOOg for 10min, in a Sorvall SS-34 rotor in a RC-2B centrifuge. In 19 some experiments, the sediment was resuspended by homogenization and the centrifugation repeated. The combined supernatants were centrifuged at 14500g for 20min, and the pellet was resuspended and centrifuged again. The pellet (crude mitochondrial fraction) was resuspended in a small volume of 0.32M-sucrose, layered on a sucrose density gradient of 1.4, 1.2, 1.0 and 0.8M-sucrose and centrifuged for 2h at 50000g in an SW-27 rotor in a Beckman L2-65B ultracentrifuge. Synaptosomes are found at the 1.4/1.2M-and 1.2/1.OM-sucrose interfaces (De Robertis et al., 1962) . The lighter fraction was used only, unless otherwise noted. It was diluted with chilled water (slowly) to a sucrose concentration of 0.45M (Gray & Whittaker, 1962) , and centrifuged for 20min at 20000g. The pellet was suspended in Krebs-Ringer bicarbonate buffer, pH7.4 (Dawson, 1969) , modified to contain 0.75mM-Ca2+, 10mM-glucose and 10mM-sodium succinate, unless otherwise noted. This preparation may contain some contaminating mitochondria and microsomal fraction. However, it has been shown that under similar conditions microsomal fractions are unable to take up 32P into phospholipids, and that the acetylcholine-induced increase does not occur in mitochondria (Yagihara et al., 1973) . Uptake of32p into synaptosomes
The synaptosome suspension was injected into vials (to a final concentration of 0.5-0.9mg of protein/ml) that contained the same buffer as described above, 30-50,uCi/ml of [32P]phosphate (New England Nuclear Corp., Boston, MA, U.S.A.), cholinergic drugs (Sigma Chemical Co., St. Louis, MO, U.S.A.) and a gas phase of O2/CO2 (19: 1), and that were equilibrated at 30°C. Eserine salicylate was included in all experiments with acetylcholine. The reaction was carried out for 1 h at 30°C, unless otherwise noted, and was stopped by the addition of an excess of chloroform and methanol, the first step in lipid extraction.
Extraction andpurification ofphospholipids
The phospholipids were extracted either by the method ofFolch et al. (1957) or by modification ofthe method of Bligh & Dyer (Kates, 1972) . The excess of water-soluble 32p was washed out with 1 mmpotassium phosphate in 0.9 % NaCl. The lipid extracts were dried with a stream of N2, and were redissolved in 50,u1 of chloroform/methanol/water (75:25:2, by vol.) containing 50mg of butylated hydroxytoluene/litre to prevent oxidation of the lipids (Neudoerffer & Lea, 1966) .
The phospholipids were separated on thin-layer plates prepared with Camag D-0 silica gel in 1 miNa2CO3, and developed in chloroform/methanol/ acetic acid/water (50:25 :7: 3, by vol.) (Skipski et al., 1963) . Occasionally the separation of phosphatidylserine and phosphatidylinositol was inadequate, but as control experiments showed that the uptake of 32p into phosphatidylserine was approximately 13 % of that into phosphatidylinositol (unstimulated) and was not affected by cholinergic drugs, on those few occasions the increased uptake was assumed to be into phosphatidylinositol only. It is noteworthy that separation of phosphatidylserine and phosphatidylinositol was not achieved by using Merck silica gel H. The lipids were stained with iodine and the phospholipid bands identified by comparison with standards (General Biochemical Inc., Chagrin Falls, OH, U.S.A.). The lipid bands were scraped into vials, suspended in 1 ml of methanol and lOml of toluene containing 4g of 2,5-diphenyloxazole (PPO)/Jitre and 50mg of 1,4-bis-(5-phenyloxazol-2-yl)benzene (POPOP) (Interex Corp., Natick, MA, U.S.A.)/ litre (Roscoe et al., 1970) and the 32p uptake was measured with a Packard Tri-Carb liquidscintillation spectrometer.
Protein determination
Protein was determined by the method of Lowry et al. (1951) , with bovine serum albumin (Sigma) as standard.
Acetylcholinesterase assay
The assay was a modification of the method of Garry & Routh (1965) . The assay mixture contained 4ml of 0.25mM-5,5'-dithiobis-(2-nitrobenzoic acid) (Aldrich Chemical Co., Milwaukee, WI, U.S.A.), 1O-20c1 of synaptosome suspension and 0.5ml of 9mM-acetylthiocholine iodide (Sigma). The mixture was incubated at 37°C for 5-lOmins, and the assay stopped by the addition of 1ml of 0.2% cetyltrimethylammonium bromide (Sigma). The A415 was then measured.
Results
Comparison of the effect of acetylcholine on phospholipids in light and dense fractions ofsynaptosomes
The effect of acetylcholine on the two fractions of synaptosomes was measured, as it has been reported that cholinergic synaptosomes are concentrated in the lighter fraction (DeRobertis et al., 1962) . Therewasno significant difference in the unstimulated incorporation of 32p into the phospholipids in the two fractions. However, the increase in 32p uptake caused by acetylcholine was much greater in the lighter fraction, Band C (Table 1) . A similar finding has been reported previously (Schacht & Agranoff, 1972 absence of Ca2+, and that in 0.75mM-and 2.45mM-Ca2+. These two concentrations were chosen as the former appears to be the free extracellular concentration in brain (Lolley, 1963) and the latter is the concentration in Krebs-Ringer bicarbonate medium. Although the latter is probably higher than the physiological concentration, it has been used frequently in muscarinic-receptor studies. The effects of Ca2+ on the uptake of 32p into phosphatidate were small, but significant, and it appeared that 32p uptake into phosphatidylinositol may follow a similar trend ( Table 2 ). The effect of increasing the Ca2+ concentration was an inhibition of 32p uptake in the absence of acetylcholine, and an increase in 32p uptake in the presence of acetylcholine. The net effect was a greater stimulation of 32p uptake by acetylcholine on increasing the Ca2+ concentration from zero to 2.54mM. The concentration of Ca2+ affects the sensitivity of the synaptosomes to acetylcholine (Fig. 2) and atropine (Fig. 5) [Atropine] (nM) Fig. 4 for phosphatidylinositol, 0.59±0.07 for phosphatidate, and 0.51±0.07 for the combined data. The slopes were significantly different at 10pM-and 5OpM-carbamoylcholine (P < 0.001), indicating competitive inhibition, and the inhibition constant was calculated at each carbamoylcholine concentration. The mean value was 0.35+0.05nM.
significantly, and are consistent with competitive inhibition. The apparent inhibition constant was 0.35 ±0.05nM (S.E.M.) (Fig. 4) , which is similar to the dissociation constant for the muscarinic receptor (Paton, 1961; Burgen & Spero, 1970; Farrow & O'Brien, 1973; Burgen et al., 1974; Yamamura & Snyder, 1974) . However, the inhibition constant measured in buffer containing 2.54mM-Ca2+ is approx. 5 nM (Fig. 5) .
Discussion
An increase of the turnover of phosphatidylinositol and phosphatidate appears to be a universal response to the stimulation of muscarinic receptors, and it has been suggested that this turnover may play a central Vol. 168 eserine salicylate were present in place of carbamoylcholine, the Ca2+ concentration was 2.54mM and all tests were carried out in triplicate. The slope was calculated by regression analysis and was 0.057± 0.004 for phosphatidylinositol, 0.10±0.02 for phosphatidate and 0.063±0.003 for the combined data. The apparent inhibition constant was calculated to be approx. 5nM, assuming competitive inhibition.
role in the response to the muscarinic receptor (Michell, 1975; Michell et al., 1976) . If this is so, and the binding of the agonist to the receptor is the ratelimiting step, the apparent dissociation constants derived from the increase in 32P uptake into these lipids should be similar to the muscarinic-receptor dissociation constants. Recent results indicate that this may be so in smooth muscle and pancreas . In the more detailed studies of the present paper, estimates have been made for the apparent dissociation constants of acetylcholine, carbamoylcholine and the muscarinic inhibitor atropine, and the experiments were carried out with synaptosomes, which may have a different mechanism of stimulation of phospholipid turnover (Yagihara et al., 1973; Lapetina & Michell, 1974; Schacht & Agranoff, 1974) .
The muscarinic receptor has both a high-and a low-affinity binding site for agonists (Birdsall & Hulme, 1976) . From the data presented in the present paper, it is not possible to detect whether or not the binding of agonist to the high-affinity binding site results in an increased uptake of 32p into phosphatidate and phosphatidylinositol, but the apparent dissociation constants measured are comparable, under certain conditions, with those of the lowaffinity site, as are the estimates of the muscarinicreceptor dissociation constants, which do not separate the high-and low-affinity sites (Paton, 1961; Furchgott & Bursztyn, 1967; Burgen & Spero, 1970; Farrow & O'Brien, 1973; Burgen et al., 1974; Yamamura & Snyder, 1974) . Similarly, the apparent dissociation constants for carbamoylcholine and acetylcholine, estimated from the increase in 32p uptake into phosphatidylinositol in smooth muscle Michell et al., 1976) and pancreas respectively, are comparable with that of the muscarinic receptor. This seems to provide confirmation of the suggestion that the phospholipid turnover has an important role in the response to the muscarinic receptor in synaptosomes as well as in other tissues.
However, the apparent dissociation constants were larger when measured in buffer containing 2.54mM-Ca2+ than in 0.75 mM-Ca2+. This is noteworthy, since Ca2+ is not required for an increase in 32p uptake to occur into these lipids (Table 2 ; see also Trifaro, 1969; Oron et al., 1975) . However, the concentration of Ca2+ has a small but statistically significant effect on the uptake of 32p into phosphatidate (Table 2) , and a similar effect has been observed previously in pancreas (Hokin, 1966) and, in the absence of acetylcholine, in brain cortex (Brossard & Quastel, 1963) . No such effects were observed in adrenal medulla (Trifaro, 1969) or parotid gland (Oron et al., 1975) . It is noteworthy that differences in apparent dissociation constants were obtained when the Ca2+ concentration was varied, as there do not appear to be any variations in equilibrium dissociation constants for the muscarinic receptor measured at different Ca2+ concentrations (Farrow & O'Brien, 1973; Burgen et al., 1974; Yamamura & Snyder, 1974 ). This conclusion is reached by comparing data from different studies, and few measurements have been made at low Ca2 . In support of this it has been reported that Ca2+ (between 1.25 and 2.5 mM) has no effect on the carbamoylcholineinduced increase in Rb+ efflux from smooth muscle (Burgen & Spero, 1970) . However, varying the Ca2+ concentration has marked effects on the physiological responses of smooth muscle and brain to agonists (Burgen & Spero, 1970; Richards & Ser combe, 1970) , although the inhibition by atropine is not affected (Burgen & Spero, 1970) . Also, it has been observed that varying the Ca2+ concentration affects the atropine-binding capacity of muscarinic receptors isolated from rat brain, and the maximum binding was found at 0.5mM-Ca2+ (Alberts & Bartfai, 1976) .
Since the apparent dissociation constants are comparable with those of the muscarinic receptor when they are measured at physiological concentrations of Ca2+, it may be postulated that the turnover of these lipids is important to the response of the muscarinic receptor. However, the muscarinicreceptor dissociation constants do not appear to be sensitive to Ca2+, nor does the stimulated uptake of 32p into phosphatidylinositol in some other tissues (Trifaro, 1969; Oron et al., 1975) . If this sensitivity to Ca2+ is found to occur in brain tissues, and not in some other tissues, this would support the evidence that the mechanism of phospholipid turnover in synaptosomes differs from that in other tissues.
